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We report on quantum transport measurements on etched graphene nanoribbons encapsulated in
hexagonal boron nitride (hBN). At zero magnetic field our devices behave qualitatively very similar
to what has been reported for graphene nanoribbons on SiO2 or hBN, but exhibit a considerable
smaller transport gap. At magnetic fields of around 3 T the transport behavior changes considerably
and is dominated by a much larger energy gap induced by electron-electron interactions completely
suppressing transport. This energy gap increases with a slope on the order of 3−4 meV/T reaching
values of up to 30 meV at 9 T.
INTRODUCTION
Graphene nanoribbons offer an interesting playground
to study mesoscopic physics at the nanoscale combining
size confinement effects and the Dirac fermion nature of
electrons in graphene [1–3]. Especially electron-electron
interaction in graphene nanoribbons has been studied
theoretically to quite some extend [4–10]. In particu-
lar, the presence of a magnetic field should give rise to
a number of transport phenomena unique to the Dirac
fermions. For example, high quality graphene has al-
ready revealed anomalous patterns in the magnetocon-
ductance called Hofstadter’s butterfly due to the moire´
superlattice of graphene/hBN heterostructures [11, 12] or
quantum Hall ferromagnetism at the Dirac point [13–16].
The latter has also been realized in high mobility sus-
pended graphene nanoribbons [17] but these suffer from
the limited control in the fabrication process and gate
tunability [18]. So far, in substrate supported graphene
nanostructures the disordered potential landscape dic-
tates the transport properties [19–25]. An alternative
way to achieve very high electronic quality is placing
graphene on hexagonal boron nitride which can signif-
icantly reduce the disorder potential [26–30]. However,
in nanostructures the contribution of edge disorder to
the overall disorder remains significant [31, 32]. Besides
the remaining substrate and edge induced disorder, sur-
face contaminations, e.g lithography residues, have to be
taken into account [33]. A step towards further reducing
this type of disorder is to encapsulate graphene in hBN
[28], which prevents process-induced contaminations on
the graphene flake, although the edges are still exposed.
This results in substrate-supported devices with repro-
ducibly high electronic quality and enables the observa-
tion of quantum phenomena like quantized conductance
in sub-micron structured graphene constrictions [34, 35].
In this work we apply the technique to study nanos-
tructured graphene ribbons with a width of 35 and
40 nm. These nanoribbons have a length of 100 nm and
150 nm and are fabricated from hBN/graphene/hBN het-
erostructures. At first, the devices are characterized at
zero magnetic field revealing a transport gap small com-
pared to graphene on SiO2 or hBN due to the reduced
disorder. Within the transport gap, we see statistical
Coulomb blockade. At moderate magnetic fields (B ≈
1 T) the Coulomb blockade is strongly suppressed due
to the increasing density of states around zero energy
as the electrons condense into Landau levels. Further
increasing the magnetic field leads to the formation of
an insulating state around the charge neutrality point,
which creates an energy gap of up to 30 meV. This in-
sulating state is related to the valley symmetry breaking
induced by the perpendicular magnetic field, similar to
what has been observed in high mobility graphene [13–16]
but with a considerably larger energy gap most likely due
to enhanced electron-electron interaction in size-confined
systems.
FABRICATION
The device fabrication is based on mechanical exfoli-
ation of graphene and encapsulating it between two ex-
foliated hBN flakes via a well-established dry transfer
method [28] preventing the graphene from getting into
contact with resist or organic solvents. The heterostruc-
tures are deposited on Si++/SiO2 substrate providing the
devices a back gate (BG) (see Fig. 1(a) and 1(b)). To
ensure a high quality of the samples with a low amount of
strain fluctuations [36], each transferred heterostructure
is investigated by spatially-resolved Raman spectroscopy
prior to the structuring. Areas with a small (< 20 cm−1)
full width at half maximum (FWHM) of the Raman 2D
line and low variance are chosen for the device (spectra
not shown). In comparison, the FWHM of the 2D line
on SiO2 is typically above 30 cm
−1 [37]. Electron beam
lithography (EBL), deposition of an aluminum hardmask
(20 nm) and reactive ion etching with a SF6/O2 plasma
are used to structure the hetrostructure into the desired
shape. The resulting nanoribbons are then contacted in
a second EBL step and a subsequent metal evaporation
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FIG. 1. (a) Schematic of the heterostructure including one-
dimensional contact and the highly doped silicon BG. (b) Il-
lustration of the measurement configuration. The chemical
potential is locally adjusted by the lateral gate (LG) while
the Fermi level of the whole sample is tuned by the back gate
(BG). (c) Source-drain current ISD as a function of back gate
voltage VBG for a fixed bias Vbias = 1 mV of a nanoribbon
with a width of 40 nm and length of 150 nm. (d) ISD as a
function of VBG and the lateral (side) gate voltage VLG of the
same device. The transport gap (dark region) can be tuned
by VBG and VLG. The source/drain regions are only influ-
enced by the back gate while the region of the nanoribbon is
tuned by both gates (see white dashed lines). All data are
from device D2.
of Cr/Au (5 nm/75 nm). We investigate two devices (D1
and D2) based on nanoribbons with a width of around
35 nm (device D1) and 40 nm (device D2) and a length
of 100 nm and 150 nm, respectively. Fig. 1(b) shows an
illustration of the measurement geometry. We perform
two-terminal conductance measurements where the bias
voltage is applied between the source (S) and drain (D)
contacts. The charge carrier density can locally be tuned
by a lateral gate (LG) based on graphene, which has
a distance of around 10 nm to the nanoribbon. Glob-
ally, the Fermi level can be adjusted by the back gate
(BG). All transport measurements have been performed
at T ≈ 30 mK.
DEVICE CHARACTERIZATION
In Fig. 1(c) we show the source-drain current ISD as a
function of the applied back gate voltage VBG through
device D2 for a fixed bias Vbias = 1 mV and a lateral
gate voltage of 0 V. The region of suppressed current,
commonly called transport gap ∆VBG, is estimated by
the distance between the intersection points of a linear
approximation of the back gate characteristic outside the
gap region with zero ISD as depicted in Fig. 1(c). The
transport gap arises due to statistical Coulomb blockade
in the nanoribbon [19]. With the described method, we
extract ∆VBG = 4.5 V, which is smaller than what has
been reported for graphene nanoribbons with a similar
size on SiO2 [38–41] or on hBN [32]. Additionally, the
charge neutrality point is close to VBG = 0 V. Both re-
sults indicate a low residual doping of the sample and
a reduced amount of disorder compared to such small
structures fabricated on SiO2 or without encapsulation
in hBN. Device D1 shows a very similar behavior. Fix-
ing VBG inside the transport gap enables us to observe
Coulomb peaks due to resonant tunneling through a net-
work of charge islands [19] (see e.g. the B = 0 T trace
in Fig. 2(d)). In order to study the characteristic of the
device in more detail we investigate the dependence of
ISD on the lateral gate with respect to VBG. In Fig.
1(d) we show ISD as a function of VBG and VLG at fixed
Vbias = 1 mV. The dark region denotes the transport gap
which can be tuned by both the back gate and (partly)
by the lateral gate. Two different slopes marked by the
white dashed lines can be identified originating from tun-
ing different regions of the device. The nanoribbon region
is tuned by both gates whereas the leads (source/drain
contacts) are mostly independent on the voltage applied
to the lateral gate. Similar measurements are performed
for both devices and result in a typical relative lever arm
of αBG/LG ≈ 0.9 to tune the transport gap, which is
comparable to previous studies [19].
MAGNETOTRANSPORT
So far, we have shown that our devices behave quali-
tatively very similar to etched graphene nanoribbons on
SiO2 or hBN, although the transport gap is considerably
smaller. We now focus on magnetotransport properties.
In Fig. 2(a) we show the transconductance dG/dVBG of
device D2 as function of VBG and the perpendicular mag-
netic field with VLG = 0 V. Outside the transport gap,
we observe features, which move linearly with increasing
B-field and which can be related to the formation of Lan-
dau levels. Consistently, these features are only visible
once the cyclotron radius is below half of the nanoribbon
width (rc < w/2, white dashed lines in Fig. 2(a)), which
corresponds to the requirement for having edge channel
transport through the nanoribbon. The cyclotron radius
is given by rc = h¯
√
pin/(eB), where n = α(VBG−V0BG)
is the charge carrier density, α the lever arm (see be-
low) and V0BG the charge neutrality point. A quantum
Hall plateau can for example be seen on the electron side
above 6 T. The quantum Hall plateau becomes more ap-
parent in Fig. 2(c) where we show the conductance G as
function of VBG for magnetic fields between 7 and 9 T
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FIG. 2. (a) Transconductance dG/dVBG of the 40 nm wide
ribbon as function of VBG and the magnetic field with VLG =
0 V. The white dashed lines correspond to a cyclotron ra-
dius of rc = 20 nm. (b) Close-up of the transport gap re-
gion as function of VBG and B-field B with VLG = 0 V. The
white dashed lines mark a region of suppressed conductance
which evolves with increasing magnetic field. (c) Conduc-
tance Gcorrected corrected by an estimated contact resistance
as a function of VBG between B = 7 and 9 T in steps of 50
mT. (d) G as a function of VBG for B = 0, 2, 4, 6 and 8 T
between VBG = 1 V and VBG = 3.5 V. Each trace is offset by
0.1 e2/h for clarity. All data are from device D2.
in steps of 50 mT. Above VBG = 6 V the traces form a
nearly perfect plateau. Due to the two-terminal configu-
ration we can only assume a filling factor of ν = 2 which
would correspond a lever arm of α = 1×1011 cm−2 V−1.
This is slightly larger than the lever arm estimated for
a parallel plate capacitor model of 7.4× 1010 cm−2 V−1
but well in agreement with an enhanced lever arm due to
electrostatic fringe fields, also seen in a similar study on
graphene ribbons [17, 34].
The region of suppressed conductance around VBG =
3 − 4 V is also heavily influenced by the magnetic field
(see Fig. 2(b)). At B = 0 T, the region of suppressed
conductance is dominated by statistical Coulomb block-
ade (see also Fig. 2(d)). For increasing magnetic field
we still observe Coulomb peaks inside the gap region al-
though the transport gap decreases in size while the aver-
age conductance increases with a maximum around 2 T.
Above 2 T a new region evolves where the conductance
is completely suppressed and no Coulomb peaks can be
observed at all. With further increasing the B-field this
region rapidly increases suppressing all conductance at
9 T from around VBG = 1 V up to nearly VBG = 2.7 V.
In Fig. 2(d) we show the conductance as a function VBG
for different magnetic field values.
Similar measurements are also performed on the
smaller (35 nm) nanoribbon device (see Fig. 3(a)). The
change in conductance with respect to the magnetic field
becomes even more pronounced when averaging G in the
regime of the suppressed transport. Fig. 3(b) shows 〈G〉
from VBG = −1 V to VBG = 4 V as a function of B-
field for device D1. From B = 0 to slightly below 2 T
〈G〉 increases by a factor of five due to (i) an increase of
density of states around zero energy because of the for-
mation of Landau levels and (ii) due to an increase of the
average mode transmission as, from a semi-classical point
of view, straight trajectories (B = 0 T) are less likely to
enter the nanoribbon than curved once (B > 0 T). Be-
tween B = 1.8 and 2.8 T, 〈G〉 stays roughly constant,
most likely because of smearing out the condition to en-
ter the quantum Hall regime (rc(n) < w/2, see white
dashed line in Fig. 2(a)) due to charge carrier inhomo-
geneities. This is obviously most pronounced around the
charge neutrality point and the shifted transition point to
enter the quantum Hall regime for a n∗ between 1× 1011
and 2× 1011 cm−2 is indicated by the black dashed lines
in Fig. 3(b). Above B = 3 T, 〈G〉 decreases strongly.
This suppression of transport with increasing magnetic
field has already been seen in studies with high mobility
suspended graphene [13–15, 17] or dual-gated graphene
flakes supported on hBN [16] but, so far, not on sub-
strate supported nanoribbons. To investigate the related
energy gap in more detail, we perform bias spectroscopy
measurements in dependency of the lateral gate voltage
VLG for different magnetic fields. In Fig. 4(a) we show
the differential conductance dISD/dVbias at B = 0 T as
function of Vbias and VLG in the center of the transport
gap at VBG = 1.5 V, which shows the typical behavior of
a nanoribbon dominated by statistical Coulomb blockade
between VLG = −5 V and VLG = 2.5 V. We determine
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FIG. 3. (a) Conductance G as a function of VBG for B =
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Each trace is offset by 0.15 e2/h for clarity. (b) Averaged
conductance 〈G〉 between VBG = −1 and 4 V as a function
of magnetic field. All data from device D1.
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FIG. 4. (a) Finite bias spectroscopy measurements at B = 0 T as function of VLG in the center of the transport gap at
VBG = 1.5 V exhibiting statistical Coulomb diamonds with a charging energy Eg around 14 meV. (b) Finite bias spectroscopy
measurements at B = 2.25 T still exhibiting statistical Coulomb diamonds with Eg around 6 meV. (c) Finite bias spectroscopy
measurements at B = 6.75 T. A extended diamond-like feature indicated by the white dashed lines emerges around VLG = −1 V
where all transport is suppressed. (d) Finite bias spectroscopy measurements at B = 9 T. The diamond-like feature increased
with the increased magnetic field and exhibits a maximum of 20 meV. All data are from device D1.
an effective energy gap of Eg ≈ 14 meV (at B = 0 T)
by estimating the maximum extent of suppressed current
in bias voltage direction. The estimated Eg is a factor
of two to three smaller than what has been reported for
similar sized nanoribbons on SiO2 [41, 42]. At 2.25 T
(see Fig. 4(b)) the effective energy gap is reduced con-
siderably (Eg ≈ 6 meV) due to the elevated transmission
transparency. At 6 and 9 T (see Fig. 4(c) and 4(d))
the statistical Coulomb blockade is strongly suppressed
and we observe extended regions of completely blocked
transport between VLG = −3 V and VLG = 5 V. The
energy gap increases with magnetic field and exhibits a
maximum of 20 meV at 9 T around the charge neutrality
point of the nanoribbon (see white dashed line). In order
to investigate the B-field dependency in more detail we
perform finite bias spectroscopy measurements as func-
tion of magnetic field (see Fig. 5(a)) at VLG = −1 V.
Between B = 0 and 3.5 T we observe statistical Coulomb
blockade of a disordered system which gets suppressed
with increasing magnetic field as the density of states
increases with magnetic field. Up to B = 0.5 T the effec-
tive energy gap of the Coulomb blockade varies around
10 meV and a non-linear I-V characteristic can be seen
(see the blue trace in Fig. 5(b)). When further increas-
ing the B-field, Eg nearly shrinks to zero with an almost
linear I-V characteristic (see 1T-trace in Fig. 5(b)) consis-
tent with the large increase in average conductance seen
in Fig. 3(c). In contrast, between B = 3.5 T and 9 T we
see a second type of energy gap, which increases with a
slope of roughly 3 meV/T up to 20 meV at 9 T (see also
high B-field traces in Fig. 5(b)). A very similar behavior
is seen in our wider nanoribbon (device D2) where the
energy gap evolves roughly with a slope of 3.75 meV/T
(see Fig. 6).
Previous studies have proposed that the increasing
magnetic field breaks the valley symmetry and opens up
an electron-electron interaction induced ν = 0 energy
gap [14–16]. Remarkably, in all studies this ν = 0 state
scales linearly with magnetic field. Most simply, we can
estimate the electron-electron interaction strength by the
Coulomb energy Ec = e
2/(0rlB) [15, 16], where lB is
the magnetic length lB =
√
(h¯/eB) and r = 4 (due
to hBN). Thus, Ec scales with
√
B and can not explain
the observed linear dependence. However, taking into
account valley symmetry breaking terms of higher order
given by δEc = (a/lB)Ec [15, 16], where a is the carbon-
carbon bond length, the observed linear dependency
(δEc ∝ B)can be explained. Estimating this higher order
contribution yields a gap of δEc ≈ 1 meV/T [16]. For
extended graphene this approximation shows good agree-
ment with experimental values [16] but it is roughly three
to four times smaller compared to the value we extract
for the graphene nanoribbon devices, indicating that size-
confinement effects are playing a crucial role.
In summary, we present an investigation of encapsu-
I
 (
n
A
)
S
D
-100
-50
0
50
100
0 T
1 T
3.5 T
7 T
9 T
−20 −10 0 10 20−20 −10 0 10 20
0
2
4
6
8
V  (mV)
bias
B
 (
T
)
0 5 10
dI /dV  (µS)
SD bias
V  (mV)
bias
(a) 2.5 7.5 12.5
(b)
FIG. 5. (a) Finite bias spectroscopy as function of B-field
with VBG = 1.5 V, VLG = −1 V. Between B = 3.5 and 9 T a
V-shaped insulating state with an energy gap increasing with
roughly 3 meV/T up to 20 meV is visible. (b) I-V charac-
teristic at B = 0, 1, 3.5, 7 and 9 T. All data are from device
D1.
5I
 (
n
A
)
S
D
-100
-50
0
50
100
150
-150
0 T
1 T
3 T
6 T
9 T
−20−10 0 10 20
V  (mV)
bias
30−30−20 −10 0 10 20
V  (mV)
bias
30−30
0
2
4
6
8
B
 (
T
)
2 4 6 8 10
dI /dV  (µS)
SD bias
0(a)
(b)
FIG. 6. (a) Finite bias spectroscopy as function of B-field
with VBG = 1.5 V and VLG = 0 V. Between B = 2 and 9 T
a V-shaped insulating state with an energy gap increasing
with roughly 3.75 meV/T up to 30 meV is visible. (b) I-V
characteristic at B = 0, 1, 3, 6 and 9 T. All data are from
device D2.
lated graphene nanoribbons with a width around 35 and
40 nm. The measurements at zero magnetic field show
disorder dominated transport similar to what has been
observed in nanoconstrictions on SiO2 and hBN. How-
ever, our fully encapsulated devices exhibit a smaller
transport and effective energy gap. Interestingly, the
magnetotransport is similar to high mobility suspended
extended graphene sheets [13–15] and nanoconstrictions
[17] or larger dual-gated graphene sheets on hBN [16]. At
magnetic fields around B ≈ 1 T we observe a crossover
from the Coulomb blockade regime to a regime of elevated
average conductance due an increase of density of states
at zero energy as the electrons condense into Landau lev-
els. At moderate magnetic fields of B ≈ 2.5 to 3.5 T the
transport starts to be dominated by an energy gap due to
electron-electron interaction, which completely prevents
transport and the gap increases considerably with a slope
of roughly 3 meV/T up to 20 meV and 3.75 meV/T up to
30 meV at 9 T. The linear increase of this ν = 0 energy
gap points toward a valley symmetry breaking induced
by the magnetic field. Compared to extended graphene
on hBN [16], our observed slope is a factor of three to four
larger, potentially due to an enhancement of the electron-
electron interaction due to the spatial confinement.
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